Introduction
T he hardness and toughness of crystalline materials is often governed by the generation and motion of linear defects, termed dislocations. Previous studies on the glide process of dislocations in bulk materials have focused on the response of dislocations with macroscopic lengths to external loading or unloading. On the other hand, it is known that nanoscale dislocations can be formed as loops in bulk materials by the agglomeration of self-interstitial atoms, which are produced upon energetic particle irradiation, in the shape of disks.
Recent molecular dynamics (MD) calculations have shown that in metals and alloys, extremely small interstitial-type dislocation loops with diameters of less than a few nanometers can undergo fast one-dimensional (1D) glide diffusion in the direction of their Burgers vector, b, even under zero stress [1] . Other computational and theoretical studies have shown that the loop diffusion plays a central role in the degradation processes of materials for nuclear fission and nuclear fusion, upon highenergy particle irradiation.
We experimentally examined the motion process of almost isolated nanometer-sized 1/2<111> loops (>5.9 nm in diameter) in alpha-Fe with purity of 99.998 wt.% upon heating under the application of no external stress and negligible internal stresses, using in-situ transmission electron microscopy (TEM) [2] . Figure 1 shows the experimental setup. The surfaces of the TEM thin foils were set at almost (011) so that we could select only loops whose b (1/2[111] and 1/2[111]) were almost parallel to the surfaces. By this procedure, we minimized the force applied onto these loops along their direction of motion from the surfaces. Other internal stresses were also reduced to a level at which they could not affect the loop behavior. Using
Experimental procedures
The following is a comment on the published paper shown on the preceding page. de-trapped from a trapping site is slow enough to enable its position to be traced continuously, even with a time step of Δt. Hence, we can examine whether the loop undergoes the diffusion, and we can then measure the loop diffusivity by the following procedure. Figure 3C shows the time (t) dependence of the mean-square displacement MSD(t) of the temporal variation in the 1D displacement x = x((i-
The temperature dependence of D and its loop-size dependence are shown in Fig. 4A . The temperature dependence of D satisfies Arrhenius law. From the slope of the lines in this panel, the values of the activation energy for loop diffusion, E, are estimated to be 1.3 eV, independent of the loop size, with the statistical dispersions being less than 0.03 eV. A simple extrapolation of the size dependence of the E values of the extremely small loops, which were calculated by MD [1] , to the size range of these loops yields E < 0.1 eV, independent of the size. One of the origins of the drastic slowdown in loop diffusion is attributed to the drag of the dynamic impurity atoms by the loops. The dependence of the pre-exponential factor, D0, on the number of self-interstitial atoms that compose a loop, N, obtained for E = 1.3 eV, is shown in Fig. 4B . It is seen that D0 monotonously decreases with increasing N. If we assume that a power law on the N-dependence of D0 is established, we obtain D0=(2.3±0.3) × 10 15 N -(0.80±0.02) (nm 2 /s).
Role of thermal stochastic fluctuation in the one-dimensional diffusion of nanoscale dislocations
The loop-size independency of E implies that the loop moves not by overcoming the Peierls potential hill at once and as a whole but by forming and moving double kinks. In response to low shear stress symmetric with respect to the central axis of the loop, the dislocation velocity, ud, is expressed as the function of kink velocity uk:
where a is the period for Peierls potential, and ck is the equilibrium concentration of all (both sign) single kinks and is a function of the formation energy of a kink, Ek. Equation 1 indicates that a dislocation moves by a distance of a due to the movement of each kink, with the average spacing between kinks being 1/ck. Thermal kinks are formed as double kinks. Of them, the backward double kink, which bows out in the direction opposite from the direction of motion of the dislocation, easily undergoes mutual annihilation by the stress. Hence, the backward double kinks cannot effectively contribute to the dislocation glide. In contrast, under zero stress, both backward double kinks and forward double kinks are present in the same number on average. In this case, the drift velocity of the dislocation is obviously zero; however, the diffusivity is determined by the stochastic thermal fluctuation in the difference between the number of forward double kinks, nf, and that of backward double kinks, nb:
where Ndk is the total number of double kinks. By an extension of Eq. 1, D is approximated as:
where L is the loop-line length, and Dk is the kink diffusivity. Even when Ndk < 1, the identical result is obtained. This satisfies the dependence of D0 on N, as obtained in the present study. The temperature dependence of D is expressed by the term ckDk in Eq. 3. Dk is controlled by the interaction between the kinks and the dynamic impurity atoms that can follow the kink diffusion. Thus, the E value can be significantly influenced by the presence of impurity atoms.
Conclusion
Using in situ TEM, we have showed that nanometer-sized dislocation loops can undergo significant 1D diffusion even in the absence of stresses that are effective in driving loops. These findings are of relevance in the prediction of the lifetime of radiation-resistant materials for nuclear-fission and nuclear-fusion energy systems, in which the microstructures are controlled by the motion of loops formed upon high-energy particle irradiation. 
